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Abstract Two porcine cell lines of yolk-sac visceral
endoderm, designated as PE-1 and PE-2, were derived
fromin vivo 11-d porcineblastocyststhatwere eitherovoid
(PE-1) or at the early tubularstage of elongation (PE-2).
Primaryand secondarycultureof the cell lines was done on
STO feedercells. The PE-1 and PE-2 cells morphologically
resembled visceral endodermpreviously cultured from in
vivo-derived ovine and equine blastocysts and from in
vitro-derivedbovine blastocysts.Analysis of the PE-1- and
PE-2-conditionedmedium by 2D-gel electrophoresisand
matrix-assistedlaser desorption/ionization-time-of-flightmass spectrometrydemonstratedthat they producedserum
proteins. Reverse transcriptasepolymerase chain reaction
analysis showed that the cells expressed several genes
typical for yolk-sac endodermdifferentiationand function
including GATA-6,DAB-2, REX-1, HNF-1, transthyretin,
alpha-fetoprotein,and albumin.Unlike a porcine liver cell
line, the PE-1 and PE-2 cell lines had relatively low
inducible P-450 content and EROD activity, and, while
they cleared ammonia from the cell culturemedium, they
did not produce urea. Transmissionelectron microscopy
revealed that the cells were a polarized epithelium
connectedby complexjunctions resemblingtightjunctions
and by lateraldesmosomes. Rough endoplasmicreticulum
was prominent within the cells. Immunocytochemistry
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indicatedthat the PE-1 cells expressed cytokeratin18 and
had robustmicrotubulenetworkssimilarto those observed
in in vivo porcine yolk-sac endoderm.Metaphasespreads
preparedat passage 26 of the PE-1 cell line indicated a
diploid porcine karyotype of 38 chromosomes. The cells
have been grown for over 1 yr for multiplepassagesat 1:10
or 1:20 split ratios on STO feeder cells. The cell lines will
be of interest as an in vitro model of the porcine
preimplantationyolk-sac tissue.
Keywords Cell • Line • Endoderm•Pig • Porcine•Yolk-sac

Introduction
Visceralor yolk-sacendodermcells derivefromthe primitive
endodermor hypoblast(Kadokawaet al., 1987) and formthe
yolk sac which is ventral to the early porcine embryo
(embryonicdisc) and is adjacentto, and continuouswith, the
inner aspect of the trophectodermas it rapidlyexpandsto
form the filamentousblastocyststage by 2 wk postfertilization (Marrable, 1971; Anderson, 1978; Carlson, 1981;
Strobandet al., 1984; Liwska and Grabinski-Baranowski,
1994). As gastrulationproceeds,mesodermcells delaminate
from the embryonic disc and rapidly cover the visceral
endodermepithelial sheet (splanchnicmesoderm)so as to
contributeto a vascularnetwork that develops within the
yolk-sac tissue (Marrable,1971; Tiedemannand Minuth,
1980; Carlson, 1981; Liwska and Grabinski-Baranowski,
1994). The yolk sac persists for several wk until the
chorioallantoicmembranesare established.After this time,
it rapidlyshrinksin size, and the remnantis finallyabsorbed
into the belly stalk of the fetus (Marrable,1971; Tiedemann
and Minuth, 1980; Carlson, 1981; Mossman, 1987; Liwska
and Grabinski-Baranowski,
1994).
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Although the yolk sac of mammals is referredto as a
vestigialstructurebecauseno yolk is actuallypresentfor the
tissue layer to surround,it carries out various important
functionsin the developingembryoduringthe preimplantationandperiimplantation
periodsof pig development(Minuth
and Tiedemann, 1980; Tiedemann and Minuth, 1980;
Carlson, 1981; Mossman, 1987; Liwska and GrabinskiBaranowski,1994). The yolk-sac epithelial layer being in
direct contact with an extensive area of the chorion
(trophectoderm),and this in close appositionto the uterine
endometrium,is positioned to facilitate nutrienttransport
from the uterus to the embryo and early fetus (Marrable,
1971; Carlson, 1981; Mossman, 1987). The yolk sac also
supportsthe early developmentof the fetus by producinga
spectrumof serumproteins(Minuthand Tiedemann,1980;
Janzen et al., 1982; Young and Klein, 1983; Shi et al.,
1985) and functionsas the site of earlyblood cell formation
(Marrable,1971; Tiedemann and Minuth, 1980; Liwska
and Grabinski-Baranowski,
1994; Niimi et al., 2002). These
functions are of particularimportancein the pig because
formationof the placenta is delayed and does not begin
until afterapproximately18 d of gestation(Marrable,1971;
Anderson, 1978; Carlson, 1981). The yolk sac, therefore,
has the specialized function of supporting the early
developmentof the fetus until nutrientand physiological
supportis takenover by the formationof the chorioallantois
and its connection with the uterus, i.e., placentation
(Tiedemannand Minuth, 1980; Carlson, 1981; Stroband
et al., 1984; Liwska and Grabinski-Baranowski,1994;
Bavik et al., 1996).
In vitro models of porcine yolk-sac endoderm, i.e.,
extraembryonicvisceral endoderm,are not availablefor the
study of periimplantationporcine embryo development.In
vitro models of visceral endoderm exist for the mouse
(Walteret al., 1984; Adamsonet al., 1985; Mummeryet al.,
1991) and the human (Pera et al., 1987). However, the
greatlydelayed implantationof ungulateembryos together
with the extensive size of the porcineyolk sac suggests that
the properformationand function of the yolk sac may be
vitalto the survivalof porcineembryos(Marrable,
particularly
1971; Carlson,1981). Thus, porcine visceral endodermcell
lines may offer a more relevant in vitro cellular substrate
with which we can study yolk-sac function and mechanisms of periimplantation
embryosurvivalin the pig. Given
this, models of porcine yolk-sac endodermmay also help
illuminate the differences between embryos created by
somatic cell nuclear transfer (NT) and embryos derived
from normalfertilizationvia the union of eggs and sperm.
Yolk-sac function may be particularlyrelevant because
embryosurvivalaroundthe time of implantationappearsto
be a criticalpoint in NT pregnancyfailure(Hill et al., 2000;
De Sousa et al., 2001; Hashizumeet al., 2002). Much of the
developmentalfailure in NT embryos is thought to arise
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from improper gene imprinting in the first few d of
developmentand the subsequentaberrantgene expression
that occurs in hundreds of genes over development,
imprinted genes or not (Humpherys et al., 2002; Inoue
et al., 2002). Thus, in vitro models of specific early
embryonic tissues may facilitate the study of abnormal
gene expression in early development. This may be
particularlytrue where transcriptomicor proteomic comparison can be made within well-defined experimental
parameters such as in comparing NT embryo-derived
tissues to normal embryo-derivedtissues. Also, because
animal cloning and ungulate embryo acquisition require
specialized techniques and expensive animal facilities, in
vitro models enable laboratorieswithout such knowledge
and facilities to contributeto experimentalstudies of early
ungulatedevelopmentalbiology.
Recently, in vitro cell culture models of bovine endoderm were reported(Talbotet al., 2000a, 2005). Morphological features of bovine endoderm cells continuously
culturedin vitro were similar to those found in vivo, and
the cells also displayed in vivo functional characteristics
such as serum-proteinsecretion(Talbotet al., 2000a). The
isolation of endoderm cell lines from 11-d porcine
blastocysts at the spheroid stage or at the point where
elongationhad just begun was undertaken.The continuous
culture and characterizationof the cell lines demonstrated
theirsimilarityto each otherand establishestheirusefulness
as in vitro models of the yolk-sac endodermof pre- and
periimplantationpig embryos.

Materials and Methods
Cell culture. All cells were grown on tissue culture
plasticware(Nunc, Denmark;and Falcon,Becton/Dickinson,
Lincoln Park, NJ). Cryovials (2 ml) were purchasedfrom
Nunc. Fetal bovine serum (FBS) was obtained from
Hyclone, Logan, UT. Cell culture media and reagents,
saline (PBS) withincludingDulbecco'sphosphate-buffered
out Ca4"*and Mg++,media, trypsin-EDTA(0.05% trypsin
and 0.43 mM EDTA), penicillin/streptomycin
(5,000 U/ml/
and
5,000 ^tg/ml;100x),
L-glutamine(200 mM; 100*), were
from
InvitrogenCorporation,Gaithersburg,MD
purchased
(Gibco). STO cells (CRL 1503, American Type Culture
Collection, Rockville, MD) were grown in Dulbecco's
modified Eagle's medium (DMEM) with high glucose
(4.5 g/1) supplemented with 10% FBS (10% DMEM).
Feeder layers were preparedby exposing a suspension of
STO cells to 8 kradof gammaradiationand platingthe cells
at 6x 104 cells/cm2.STO feeder layers were maintainedby
refeedingwith 10%DMEM every 6-7 d.
Cell-growthassays. The growth of PE-1 and PE-2 cells
was assayed at passages 16 and 15, respectively, by
fi Springer
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countingthe increasein the total cells per T25 flask over a
1- to 2-wk period at 2- and 3-d intervals postpassage,
respectively. Duplicate T25 flasks were counted at each
time interval. Single-cell suspensions of the contents of
each flask were producedby washing the cells once with
2 ml of 2 M urea.The cells were incubatedat ~35° C in the
residualurea left behind after aspiration(-0.2 ml) for 56 min. One-half milliliter of trypsin-EDTAwas added to
each T25 flask to complete the dissociation of the cells
duringan additional10 min incubationat -35° C. The cells
were suspendedto a total volume of 2 ml for cell counts in
10%DMEM. The total numberof cells per T25 flask was
determinedby averagingthe counts of 16 hemocytometer
squares(1 mm2).The inputof the numberof PE-1 and PE-2
cells at the startof the growthassay was undefinedbut was
a 1:12 split ratio from confluentstock culturesof each cell
line. STO feeder cells surviving the urea/trypsin/EDTA
dissociation were similarly enumerated from a parallel
group of feeder-cell T25 flasks that had not received any
PE-cell input.
The growthof the PE-1 and PE-2 cell lines (at passages
21 and 20, respectively) was also demonstratedby photo
documentationof sister flasks of the culture that were
simultaneouslyfixed and stained at progressively longer
time points postpassage. Fixation and staining of the
cultures were performedby aspiratingthe medium from
the flasks and immediately replacing it with a fixing/
staining solution of 0.125% Coomassie Blue R-250
(Invitrogen/Gibco),50% methanol, and 10% acetic acid
for 10 min. The stainingsolutionwas decanted,and the cell
monolayer was rinsed with distilled water to stop cell
staining. If necessary, the stained cells were destained to
varyingdegrees with a solution of 50% methanoland 10%
acetic acid.
Cytogenetic analysis. PE-1 cells were analyzed for
chromosomecontentat passage26. PE cells were harvested
to single cells by treatmentwith 2 M ureaandtrypsin-EDTA
as previouslydescribedto preparemetaphasespreads(Talbot
et al, 2000a). Metaphasespreadson replicateslides were
stained with 1 |ig/ml propidium iodide (PI; Molecular
Probes, Eugene, OR) and 2 |xg/ml bisbenzimide(Hoechst
33342; MolecularProbes) for fluorescentobservation.For
chromosome counts, Pi-stained metaphase spreads were
imaged at ~ 1,000* magnificationusing a Zeiss LSM 410
Confocal Microscopeequippedwith a 63x C-Apochromat
1.2 NA water immersion objective. For Hoechst 33342
fluorescent observation, the 351-nm line of a Coherent
Innova90 laserwas used for excitation,andthe emittedlight
was passed througha long-pass 397-nm filter.The 568-nm
line of an argon/kryptonlaserwas used for excitationof PI,
andthe emittedlightwas filteredthrougha long-pass590-nm
emission filter. Thirty-threePE-1 metaphasespreads were
countedfor chromosomecontent.
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PE-1 cells at passage 26 were
Immunocytochemistry.
fixed for 25 min in 4% methanol-freeformaldehydein
PBS. The bottoms of the flasks were cut out and processed
for immunocytochemistryas previously described (Talbot
et al., 2003). A mixture of antibodies to alpha-tubulin
(1:1,000; Sigma Chemical Co., St. Louis, MO) and betatubulin antibody (1:500; Sigma) was employed for the
detection of tubulin, and the anti-cytokeratin-18antibody
(monoclonal M30; 1:1,000; Roche Applied Science, Indianapolis, IN) was used for the detection of cytokeratin18.
Alexa 488-labeled goat anti-mouse secondary antibody
(MolecularProbes,Eugene,OR) was used to detectbinding
of the primary antibodies. The actin cytoskeleton was
stainedwith Alexa Fluor594 phalloidin(MolecularProbes)
at 2 U/ml (66 nM). Cell nuclei were counterstainedwith
500 ng/ml bisbenzimide(Hoechst33342; MolecularProbes),
and the specimens were mounted in Vectashield(Vector
Labs, Burlingame,CA).
Two-dimensionalelectrophoreticanalysis of conditioned
medium.AT25 cultureof PE-1 cells at passage2 was rinsed
three times with serum-freeDMEM and then culturedfor
48 h in serum-freemedium.The conditionedmedium(CM)
was collected, and the cell debris was pelleted by centrifugation at ~500*g for 15 min. The firstdimensionisoelectric
focusing(IEF)was performedusing a 7-cm immobilizedpH
gradientstrip (IPG; pH 3-10; GE Healthcare,Piscataway,
NJ) in the IPGphorII system (GE Healthcare).The CM was
concentrated-18-fold and fluid exchanged with water lx
using a 500-(j,l, 3 kDa cutoff, Vivaspin concentrator
(Vivaspin, Hanover, Germany). The concentratedsample
(12 |xl;-150 \xgprotein)was broughtto 130 fil totalvolume
with rehydrationbuffer[8 M urea(Bio-Rad, Hercules,CA),
2% CHAPS (Sigma), 27 mM dithiothreitol(DTT; USB
Corp., Cleveland,OH), 0.5% ampholytes(GE Healthcare),
and 0.001% bromophenolblue (Sigma)], and 120 |xl of the
samplewas appliedto the IPG strip.The stripwas passively
rehydratedfor -14 h at room temperature,and voltage
settingsfor IEFwere 500 V for 30 min, 1,000 V for 30 min,
and 8,000 V for 1 h. The total volt hoursreachedin the run
was 4,402 Vh. The gel strip was incubated with an
equilibrationbuffer [0.4 M Tris-HCl at pH 8.8, 6 M urea,
30% glycerol, 2% sodium dodecyl sulfate (SDS; USB
Corp.), 1% DTT, and 0.001% bromophenol blue] for
15 min. The strip was placed onto a 10% SDS-polyacrylamide gel (8x10 cm) with Tris-glycine buffer system, as
described by Laemmli (1970), for the second dimension
protein separation.The strip was overlaid with 2.5% lowmelting agarosesealing solution [0.5% agaroseand 0.001%
bromophenolblue in SDS electrophoresisbuffer (25 mM
Trisbase, 192 mM glycine, and 0.1% SDS)]. Electrophoresis
was performedusing the Mini PROTEANII system (BioRad) at room temperature.The proteins in the gel were
visualizedby stainingwith ColloidalCoomassieBlue G-250
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Life Therapeutics,Frenchs Forest, Australia)
(Gradipure®;
and destaining the gel according to the manufacturer's
instructions.The gel was scannedusing laser densitometry
(PDSI, GE Healthcare)and was stored in 10% ammonium
sulfatesolutionat room temperature.
Mass spectrophotometricanalysis of proteins. Protein
spots were excised from2D gels using standardpipettetips,
and the gel "plugs" were washed first with a destaining
solution [waterto methanolto acetic acid (4.5:4.5:1)], then
in dH2O,and finally in 50% acetonitrilecontaining25 mM
ammoniumbicarbonate.Eachgel plug was dehydratedwith
100%acetonitrile,driedundervacuum,and then rehydrated
in trypsin (modified porcine trypsin, sequencing grade,
Promega,Madison,WI) in 25 mM ammoniumbicarbonate.
An additionalaliquot of 25 mM ammoniumbicarbonate
was addedto cover the gel plug. Digestion was performed
overnight at 37° C. The resulting tryptic fragmentswere
extractedwith 50% acetonitrileand 5% trifluoroaceticacid
(TFA) with sonication. The extracted peptide fragments
were dried to completenessby vacuum centrifugationand
then dissolved in 50% acetonitrile and 0.1% TFA and
analyzed immediatelyor stored at -80° C. Samples were
cocrystallized with freshly prepared cx-cyanohydroxycinnamic acid matrix (Bruker Daltonics, Billerica, MA) in
50% acetonitrile and 0.1% TFA. Samples were spotted
directly on the target plate. The dried spots were further
desalted with a brief application of 0.1% TFA (3 fxl),
followed by immediate vacuum aspiration, and were
subjected to matrix-assisted laser desorption/ionizationtime of flight-mass spectrometry (MALDI-TOF-MS)
analysis. A Voyager DE-STR MALDI-TOF mass spectrometer(AppliedBiosystems, Framingham,MA) operated
in positive ion reflectormode was used to analyze tryptic
peptides,andspectrawereacquiredwith 75 shotsof a 337-nm
nitrogenlaser operatingat 20 Hz. Spectrawere calibrated
using the trypsinautolysispeaks at mlz 842.51 and 2,211.10
as internalstandards.
A ThermoFinniganLCQ Deca XP plus Ion Trapmass
spectrometerwas used to analyze proteins that were not
positively identified by MALDI-TOF-MS. Peptides were
separated on a reverse phase column using a 30-min
gradient of 5 to 60% acetonitrile-to-water,0.1% formic
acid. Aftera survey scan from400 to 1,600 Da, the MS/MS
spectra were acquired on the three most abundantions.
Dynamic exclusion was employed to prevent the continuous analysisof the same ions. The raw datawere processed
by Sequest to generate DTA files for databasesearching.
The merge.pl script from Matrix Science was used to
convert multiple Sequest DTA files into a single Mascot
generic file suitablefor searchingin Mascot.
Protein identificationwas performedby searching the
NCBI nonredundantdatabase using the Mascot search
engine (http://www.matrixscience.com). The following
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parameterswere used for databasesearches with MALDTOF peptide mass fingerprintingdata:monoisotopicmass,
25 ppm mass accuracy,trypsin as digesting enzyme with
one missed cleavage allowed, oxidationof methionine,and
N-terminal pyroglutamic acid from glutamic acid or
glutamineas allowablevariablemodifications.For database
searches with MS/MS spectra, the following parameters
were used: monoisotopic mass, 1 Da peptide and MS/MS
mass tolerance,peptide charge of +1, +2, or +3, trypsinas
digesting enzyme with one missed cleavage allowed,
oxidationof methionine,and N-terminalpyroglutamicacid
from glutamic acid or glutamine as allowable variable
modifications.Taxonomywas limitedto mammalsfor both
MALDI and MS/MS ion searches. For MALDI-TOF-MS
data to qualify as a positive identification,a protein'sscore
had to equal or exceed the minimum significant score.
Positive identification of proteins by MS/MS analysis
requireda minimumof two unique peptides, with at least
one peptide having a significantion score.
Metabolic assays: P-450, y-glutamyltranspeptidase,
ammonia,and urea. P-450 contentand y-glutamyltranspeptidase (GGT) assays: T25 culturesof PE-1 and PE-2 cells
were grown to confluence at passage levels 16 and 15,
respectively,and were harvestedfor whole-cellhomogenates
and microsomes.Two days before the harvest,the cultures
were exposedto metyraponeto stimulateandpreserveP-450
expression.P-450 contentand GGTactivitywere determined
as previouslydescribed(Talbotet al, 1996) from a pool of
threeflasks for each cell line. A porcineliver stem cell line,
PICM-19(Talbotet al., 1994, 1996), was also assayed as a
comparativepositive control.
Ammonia clearanceand urea production:As above, the
confluent culturesof PE-1, PE-2, and PICM-19 cells were
exposedto glutamine-freeWilliams-Emediumsupplemented
with 10% FBS, 1 mM omithine, glucagon (100 ng/ml), 2(0.1 mM), HEPES(25 mM), and antibiotics
mercaptoethanol
for 72 h. The cells were then exposed to the same base
mediumwith the additionof 2 mM ammoniumchloridefor
48 h. The mediumwas collected, centrifugedat 2,000*g to
remove cellular debris, and frozen at -80° C before
analysis. The ammoniacontent of experimental(48 h) and
initial (To) media samples was determinedspectrophotometricallyusing a commercialkit (Pointe Scientific, Inc.,
Canton, MI) which was modified for use in a microtiter
plate reader. A standard curve was prepared in base
mediumwithout ammonia.
Urea concentrationin mediumwas determinedcolorimetricallybasedon a diacetylmonoximereactionassaydescribed
by the World Health Organization(Wybengaet al., 1971;
Seaton and Ali, 1984). Absorbance was determined at
540 nm, and a standardcurve was prepared(NERL 2336;
NERL Diagnostics,East Providence,RI). Values from base
mediumwere subtractedfrom experimentalsamples.
£} Springer
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P-450 CYPA1 activity:As above, confluent culturesof
PE-1, PE-2, and PICM-19 cells were preincubatedwith
5 jiM 3-methyl cholanthrene(3MC) in culturemedium for
72 h to induce CYPA1 activity.Cells were then exposed to
Medium199 mediumwith Hank'ssalts withoutL-glutamine
or sodium bicarbonateand containing 7-ethoxyresorufin
(8 (xM),dicumerol(10 pM), and bovine serumalbuminfor
30 min as describedby Donato and coworkers(1993). The
medium was harvested, and the concentration of the
fluorescentproduct,resorufin,was assayed in the presence
and absence of P-glucuronidase/arylsulfatase
(Roche Applied Sciences, Mannheim, Germany) to determine the
extent of possible conjugationreactions.All reagentswere
from Sigma-Aldrich(St. Louis, MO), and the activity was
presentedas picomole productformed per 30 min/mg cell
proteinin culturespreparedwith and without3MC.
RNA isolation and RT-PCR assay. Total RNA was
isolated from four confluentT25 culturesof PE-1 and PE2 cells at passages 16 and 15, respectively, with the
RNAeasy Kit (Qiagen, Valencia, CA) according to the
manufacturer'sinstructions.Ten microgramsof total RNA
from each sample was digested for 30 min with DNase I
(Turbo DNA Kit, Ambion, Austin, TX). Gene-specific
primers(Table 1) for select endodermdifferentiationregulatorsor tissue-specifictranscriptsand (3-actinwere synthesized accordingto porcine-specificsequencesobtainedfrom

Table 1. RT-PCR primer sets

Gene

Primer

Database accession no.

ct-Fetoprotein

F: 5'-AGATGCCCATAAACCCTGGT-3'
R: 5'-CCAGTAGTCCAGAGAAATCTGCA-3'
F: 5'-CAGGTATTGCTGATCGCATGCA-3'
R: 5'-ATTTGCGGTGGACGATGGA-3'
F: 5'-GCAAACGATCAAGCAGTGA-3'
R: 5'-GGTGACAGACACCGAGGGAA-3'
F: 5'-ATGGTCAAAGTCCTGGATGCT-3'
R: 5'-GATTTGGTGTCCAATTCCACT-3'
F: 5'-TGTTGCTGATGAGTCAGCTGA-3'
R: 5'-TGGAAGTCAGCGCATAAAGCA-3'
F: 5'- CAGGAAACGAAAACCTAAGAGCAT-3'
R: 5'-TTCTCGGGATTAGCGCTCTC-3f
F: 5' GTTGCAGAAAAGCGCAGTGA-3'
R: 5'-CGTCGAAGGAGCACAAGGTAG-3'
F: 5'-CACTTTGCCATGCACCCTC-3'
R: 5'-AGGTGTGTCAGATTCCAAAGTCC-3'
F: 5'-TTTCTGAGTACGTGCCAGGCAA-3'
R: 5'-GAACGGAGAGATGCTTTCTCAGAG-3'
F: 5'-TGGGATGCAGAACATGAGTATCC-3'
* 5'-TGGTAGGAGCTCAGGCTGTAGTT-3'
F: 5'-CAACGCCAGACCCAGGAGTA-3'
R: 5'-AAGATTGAAGTCCTCGCCATCTT-3'
F: 5'-TGTCCACCTTCCAGCAGATGT-3'
R: 3'-ATGCAACTAACAGTCCGCCTAGA-3'

TC219856

a-Cardiac actin
Oct-3/4
Transthyretin
Albumin
GATA-6
HNF-1
DOC-2/Dab-2
Rex-1
Cytokeratin 8
TIGR accession numbers are
preceded by TC; all other
accession numbers are from
GenBank.
F = Forwardprimer,R = reverse
primer
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or
GenBank(http://www.ncbi.nlm.nih.gov/entrez/query.fcgi)
The Institutefor Genome Research(TIGR,Rockville, MD;
porcine gene index datahttp://www.tigr.org/tdb/tgi/ssgi)
bases. Sequence analysis of the (3-actinprimersindicated
thatthey would also amplifymouse (3-actin.One microgram
of total RNA was reverse transcribed(RT) in a 20-fil
reactionvolume using the iScriptcDNA SynthesisKit (BioRad, Hercules,CA) following the manufacturer'sprotocol.
Amplificationof gene productsby RT-PCRwas performed
in a 50-fil reaction volume containing 1 \i\ RT product,
0.1 |iM gene-specificforwardand reverseprimers,0.1 mM
dNTPs, 1* HotMasterPCR buffer (Eppendorf,Westbury,
NJ), and 1 U HotMasterTaqpolymerase(Eppendorf).The
PCR was carriedout in the DNA Engine Tetrad2 (MJR,
Waltham,MA) underthe following conditions:denaruration
at 95°C for 2 min followed by [94° C for 15 s, 60° C for
15 s, and 70° C for 15 s] x 34 or 36 cycles. Amplification
productswere resolved on 2% agarosegels and visualized
with ethidiumbromidestaining.
Transmissionelectronmicroscopy.Transmissionelectron
microscopy (TEM) sample preparationand photomicroscopy were done with the assistance of JFE Enterprises,
Brookeville, MD as previously described (Talbot et al.,
2000b). Ultrastructural
analysis was performedon samples
T25
flask
cultures of PE-1 and PE-2 that
from
processed
were 3 wk old at passages 15 and 16, respectively.

Cytokeratin 18
(3-Actin

TC206532
TC205936
X87846
NM_001005208
TC221844
TC222968
TC202780
TC206552
TC199401
TC200462
AY550069
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Results
Culture characteristics of the PE-1 and PE-2 cell lines.
Primary outgrowths of porcine visceral endoderm were
initiatedby explantcultureof 11-d pig blastocyststhat had
reachedthe ovoid stage or had just begun elongation and
were tubular in shape. For primary explant culture, a
portionof each blastocyst'strophectoderm/endoderm
bilayer was chopped into over a dozen small pieces, and the
pieces were transferredto a four-wellplate (Nunc) containing an established STO feeder layer and 1 ml of 10%
DMEM.Primaryendodermoutgrowthswere recognizedby
their distinct cell and colony morphology (Talbot et al.,
2000a). Based on microscopic observation of cell and
colony morphology, no epiblast tissue contaminatedthe
primarycultures. This was as expected since the epiblast
tissue (embryonicdisc) had been avoided in the physical
dissection of the blastocyst's trophectoderm/endoderm
tissue bilayer. Outgrowths of trophectodermcell monolayers were found in both primarycultures,and these were
removedby dissectionwith 27 G hypodermicneedles. The
trophectodermcell monolayersdetachedneatly as an intact
unit fromthe adjacentendodermmonolayersand the plastic
substrate, and they were removed by aspiration with a
Pasteurpipette.
The primaryPE colonies were composed of cuboidal
epithelialcells closely packed togetherin the center of the
colony with flatter and more spread out cells at the
periphery of the colony (as in Fig. \A). The primary
colonies often had domes created by the apical to basal
transcellularmovementof culturefluid thatbecame trapped
underneath the endoderm monolayer. Also, groups of
endodermcells on the surface of the colony's monolayer
often formed vesicle-like structuresby transportingfluid
between themselves. The cells were not as granular in
appearanceas trophectodermcells and had few or no visible
lipid droplets associated with them. Additionally, at the
peripheryof the colonies or where cells had made dome
structures,distinctweb-like arrangementsof phase-contrastdark cytoskeletal fibers were observed in the cells (as in
Fig. \B). The cells grew predominantlyon top of the STO
feeder cells as a tightly knit monolayerof epithelialcells.
First passage and secondary culture of the primary
colonies of PE-1 and -2 cells were performedafter 3 wk
when the colonies had covered approximately90% of the
surface area of the four-well culture plate and were
approximately1 cm in diameter. This first passage was
accomplishedby chopping the primarycolonies into small
pieces using two hypodermicneedles and transferringthe
resultingclumps of cells into a T25 flask containinga STO
feeder-celllayer.The cultures,henceforthdesignatedas the
PE-1 cell line (from the ovoid blastocyst)and the PE-2 cell
line (from the early tubularblastocyst), were passaged by

Figure 1. Phase-contrast microscopy of pig endoderm primary
cultures and cell lines. (A) Primary colony of yolk-sac endoderm.
Scale bar= 50 [xm. (B) Close-up of primary colony cells showing
robust microtubule cytoskeletal elements (short arrows) that appear in
the cytoplasm and surround the nuclei («) of the cells. Scale bar=
25 \xm. (Q Monolayer of PE-2 cells at passage 33. Short arrows
indicate the edge of a "dome" in the monolayer, and the nuclei (n) are
of different sizes depending on the cell-spreading constraints and
differentiation status of the cells. The characteristic web-like cytoskeletal elements, so prominent in the primarycells, are also present in
some of the later passage cells. Scale bar=25 fim.
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physical disruption of the monolayers as previously
describedin Talbot et al., 2000a. The PE-1 and PE-2 cell
lines were passagedapproximatelyevery 3 wk at a 1:3 split
ratio onto fresh STO feeder layers until approximately
passage 10, and thereafter,they were routinelypassaged at
a 1:20 split ratio. The cell lines had a characteristiclag
period of about 1 wk postpassagethat was followed by a
populationdoubling time of approximately48 h for PE-1
and somewhatlonger for the PE-2 cell line (Figs. 2 and 3).
Similarto the primaryculture,the establishedPE-1 and-2
cell lines formedmonolayerscomposed of cuboidalepithelial cells where most of the cells were closely packed
togetheralthoughin some areas, the cells were flatterand
more spread out. Domes and vesicle-like structureswere
common in the PE monolayers (Fig. \B, C). As in the
primaryculture, some later passaged PE-1 and PE-2 cells
were found to have distinctive phase-contrast-dark,weblike cytoskeletalelements that traversedthe cytoplasm and
encircled the nucleus (as in Fig. \E). These cytoskeletal
elements were positive for reaction with antitubulin
antibodyby immunocytochemicalassay (Fig. AC)and were
thereforemicrotubules.Similar robust microtubulearrays
were also found in the endodermcells lining the interiorof
an 11-d in vivo porcineblastocyst(Fig. AE).In contrast,the
microtubulesobserved in the in vivo trophectodermwere
finer in structure(Fig. AF). The actin cytoskeleton, while
occurring in the cytoplasm of the cells and colocalizing
with the microtubulenetwork to some extent, was most
distinctly present at the cell boundaries in all cases
(Fig. AD). An anti-cytokeratin-18antibody also reacted
with the PE-1 cells, indicatingthe protein'spresence in the
cells (Fig. AA), whereasit did not reactwith the fibroblastic
STO feeder cells (not shown).
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Figure 2. Growth curve of PE-1 and PE-2 cells assayed at passages
16 and 14, respectively. Total of PE-1 and nondividing STO feeder
cells {filled circles) and similarly for PE-2 cell line {inverted filled
triangles). STO feeder cells only for PE-1 {empty circles) assay and
PE-2 assay {unfilled triangles).
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Figure 3. Growth of PE-1 and PE-2 cells shown in a cohort of T25
flasks after passage at a 1:10 split ratio at passage 21 and a 1:5 split
ratio at passage 20, respectively. Individual flasks were fixed and
stained over a 9-d period with Coomassie Blue R-250 to illustratethe
growth of the cells over time in culture.

TEManalysis of the PE-1 and PE-2 cell lines. PE-1 and
PE-2 cells were usually arranged in a single layer of
somewhat elongated cuboidal cells (Fig. 5A) although a
double-layereddome formationis shown in Fig. 5B. While
the PE cells were not observedto be intimatelyjoined to the
STO feeder cells, they were usually in close proximityto
the STO cells except where dome formationsoccurred(not
shown). Microvilli at the apical surface (facing the
medium)markedthe polarizedmorphologyof the PE cells,
and the cells were joined by numerous desmosomal
elements and tight junctional complexes at their apical
lateral surfaces (Fig. 5,4). Smooth and rough endoplasmic
reticulum, lysosomes or digestive vacuoles, and lipid
vacuoles were all numerous and well representedin the
PE cells (Fig. 5,4). Golgi complexes,while present(Fig 5,4),
were not particularlyabundantin either the PE-1 or PE-2
cells analyzedby TEM.
Cytogenetic analysis of the PE-1 and PE-2 cell lines.
The distributionof chromosome counts was determined
from the enumeration of 33 PE-1 metaphase spreads
preparedat passage 26. A near unimodal distributionwas
found in which the majority (85%) of PE-1 cells were
diploid and contained 38 chromosomes (Fig. 6A). The
remaining 15% of metaphasespreads consisted mostly of
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Figure 4. Confocal immunofluorescent images of anti-cytokeratin-18 and anti-alpha/betatubulin
antibodyreactivityin PE-1 (passage 26). Positive anti-cytokeratin-18 staining of PE-1 cells with
immunostainingmost robust in
dividing cells (A) and phalloidin
staining of the actin cytoskeleton
in the same cells (B). Characteristic web-like arrayof microtubule (antitubulin)cytoskeletal
elements that ramify the cell and
surroundthe nucleus in PE-1
cells (C) and phalloidin staining
of the actin cytoskeleton in the
same cells (D). Arrows indicate
actin staining at the cell borders.
For comparativepurposes, antialpha/betatubulin immunostaining of the endoderm cells lining
the interiorof an 11-d in vivo
porcine blastocyst (E) and the
outer layer of trophectoderm
cells (F) is shown. STO feeder
cells were below the limit of
reactivity for both the anti-cytokeratin-18and the antitubulin
antibodies (not shown), n =
Nucleus; Scale bars=40 \xm.

apparentlyhypodiploid cells, two hyperdiploids,and one
near triploid (Fig. 6A). The hypodiploid cells may have
resulted from broken metaphase spreads or from the
relatively poor quality of the spreads. Two (or more)
chromosomes could have been lying across each other
and could thereforehave easily been countedas one in this
circumstance.All the chromosomes were a mixture of
metacentricsand telocentrics (Fig. 6B). The metaphase

spreads preparedfor PE-2 were of insufficient quality to
enable accuratecounts of 20 spreadspresumablybecauseof
their relatively slower growth in culture. However, those
that appearedto be complete and countablecontained3438 metacentricand telocentricchromosomes(not shown).
Protein expression by PE-1 and PE-2 cells. Visceral
endoderm is known to synthesize and secrete serum
proteins(Minuth and Tiedemann,1980; Young and Klein,
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1994, 2000a, 2005). Several of the protein spots were
identified by MALDI-TOF and liquid chromatography
(LC)-MS/MS mass spectroscopy. The serum proteins
identified included alpha-2-HS-glycoprotein precursor
(fetuin-A), transthyretin(prealbumin), alpha-fetoprotein
(AFP), transferrin,alpha-lipoprotein-Al,and retinol-binding
protein (Fig. 7 and Table 2). The Coomassie Blue total
proteinstainingindicatedthattransferrin,AFP,and fetuin-A
were the most abundantlysecretedproteins.
Endoderm-relatedgene expression of PE-1 and PE-2
cells. The cell lines were assayed by RT-PCRfor their
expressionof mRNA of several genes which are relatedto
visceral endoderm function or differentiation(Table 1).
Figure 8 shows that a relatively robust expression was
found in both PE-1 and PE-2 cells of transcriptsfor
hepatocyte nuclear factor-4 (HNF4), GATA-6, disabled
homolog 2, mitogen-responsivephosphoprotein(DAB2),

Figure 5. Transmission electron micrographs of PE-1 cells at passage
16. (A) Cell monolayer showing polarized morphology with characteristic apical microvilli (wv) and junctional unions (arrows) along the
apical and lateral portions of the approximately cuboidal cells. STO
feeder cells are not shown but normally reside underneath the PE-1
cell monolayer. Magnification= 24,000 x. (B) Functional presence of
tight junctions is illustratedin this low-powered image of a fluid-filled
"dome" or multicellular cyst-like structure formed by the PE-1 cells.
Note the microvilli (wv) at the apical surface of the cells.
Magnification=4,800x. Abbreviations: nucleus («), rough endoplasmic reticulum (rer), Golgi apparatus(g), mitochondria (w).

1983; Shi et al., 1985; Sklan and Ross, 1987). PE-1 cells
were assayed for theirsecretionof serumproteins.Analysis
of serum-freemedium conditionedby PE-1 for 48 h was
performedby 2D polyacrylamidegel electrophoresisand
showed that the PE cell line was secreting a spectrumof
proteinssimilarto thatfoundin fetalpig serum(Fig. 7). STO
feeder cells alone did not (data not shown; Talbot et al.,
© Springer

Figure 6. Chromosome content analysis of PE-1 cells at passage 26.
Histogram of 33 metaphase spreads of PE-1 cells prepared and
counted, which reveals a diploid or near-diploid chromosome
distribution (A). An example of a diploid metaphase spread from the
PE-1 cell line (B).
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Sepulveda et al., 1995). As a positive control, these assays
were also performedon the cells of the PICM-19 pig liver
cell line (Talbot et al., 1996). Overall cytochrome P-450
levels in the PE cell lines were relatively low comparedto
the PICM-19 cell line (Fig. 9A). Specific P-450 activity
after3MC inductionas measuredby EROD assay was also
comparativelylow (Fig. 9B). Both PE-1 and PE-2, like the
PICM-19 liver cells, were able to completely clear the
ammonia added to the cell culture medium (Fig. 9Q. In
contrast,neither of the PE cell lines producedurea as did
the PICM-19 liver cells (Fig. 9Q. The PE-2 cells had
similar levels of GGT to that of the PICM-19 cells,
whereas the PE-1 GGT levels were approximately50%
lower comparedto PE-2 and PICM-19 (Table 3).
Figure 7. Two-dimensional polyacrylamide gel of serum-free medium sample conditioned by a nearly confluent monolayer of PE-1 cell
for 48 h; stained with colloidal Coomassie Blue. Some serum proteins,
as identified by MALDI-TOF and LC-MS, are indicated (see also
Table 2).

reduced expression 1 protein (REX-1), transthyretin(prealbumin;TTR), AFP, and for cytokeratin8 and 18 (KRT8
and KRT18). Detectableexpression levels were also found
in the cells for albumin(ALB) and hepaticnuclearfactor-1
(TCF-1).Withthe exception of albumin,the amountof RTPCR reactionproductswas similarbetween PE-1 and PE-2
(Fig. 8). Finally,all the cells, includingthe STO feedercells
alone, were expressingbeta-actin(Fig. 8).
Metabolicassays of PE-1 and PE-2 cells. Because yolksac endodermcells are known to be similar to liver cells
(hepatocytes)in some of their metabolic and cell transport
functions, the PE-1 and PE-2 cell lines were analyzed for
P-450 content and activity, GGT activity, and their ability
to clear ammonia and produce urea (Shi et al., 1985;

Discussion
This study demonstrates that porcine yolk-sac, visceral
endodermcell lines could be readily established.Because
the PE-1 and PE-2 cells have been continuouslycultured
for nearly 3 yr and for greaterthan 30 passages, usually at
high split ratios, it is probable that the cultures are
functionallyimmortal.
It was not unusual to find trophoblastcontaminationin
the primaryblastocystexplantculturesthat gave rise to PE
cell lines because porcine trophectodermreadily grows on
STO feeder cells as previously reported (Flechon et al.,
1995; unpublished observations). Trophectodermoutgrowths, recognized by their distinct cell and colony
morphology,are easily separatedfrom adjacentendoderm
cell monolayers (and the plastic substrate) because the
trophectodermcells form a continuoussheet of cells thatare
strongly connected to one another and the endoderm
monolayer is not strongly adhered to the trophectoderm

Table 2. Proteins identified in the conditioned medium of PE-1 cells by MALDI-TOF and LC-MS/MS
Spot
no.

MW

1
2
3
4

76,918
47,164
68,580
38,424

6.93
5.54
5.47
5.5

5

15,792

6.34

6
7
8

30,312
30,312
21,142

5.38
5.38
5.6

PI

Protein ID

Peptides

SC

MO

Expected
value

NCBI

ID method

6.10E-07
0.0018
4.90E-05

gi| 18655907
gi|975230
gi|47523700
gi|231467

MALDI-TOF
MALDI-TOF
MALDI-TOF
MS/MS

gi|975233

MS/MS

gi|164359
gi|164359
gi|2914422

MALDI-TOF
MALDI-TOF
MS/MS

(%)
Chain A, porcine serum transferrin
Alpha- 1-antitrypsin [Sus scrofa]
ot-Fetoprotein[Sus scrofa]
Alpha-2-HS-glycoprotein precursor
(fetuin-A)
Putative transthyretin(prealbumin)
[Sus scrofa]
Apolipoprotein A-I
Apolipoprotein A-I
Retinol-binding protein from pig plasma

17
1
10
4

23
20
14
12

119
84
100
268

6

58

380

15
16
2

46
54
11

193
220
88

2.40E-14
4.90E-17

The assigned protein of the best matched was given with the species in which it has been identified and its accession number.
MW: Predicted molecular weight, PI: predicted isoelectric point, Peptides: the number of peptides matched, SC: the percentage of sequence
coverage, MO: MOWSE score, Expected value: the number of matches with equal or better scores that are expected to occur by chance alone
(http://www.matrixscience.com), NCBI: accession number, ID method: mass spectroscopy identification method
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Figure 8. RT-PCRanalysisof mRNAexpressionin PE-1 and PE-2
cells. Two cultureflasks (1 and 2) were independentlyassayedfor
each PE cell line. STO cell mRNAwas preparedfromcohortfeeder
cell flaskswithoutany coculturedcells.
(Talbot et al., 2000a). Presumably, desmosome and tight
junction connections do not form between the two cell types
when their monolayers abut each other in culture. Thus,
there was little problem in establishing the endoderm cell
lines in pure form.
The in vivo-derived PE-1 and PE-2 cell lines were similar
to the CE-2B cell line previously isolated from a bovine
blastocyst produced by in vitro fertilization (Talbot et al.,
2000a). They were similar in ultrastructuralfeatures with the
exception that the PE cells examined did not have the
numerous and robust Golgi complexes that were a striking
feature of the CE-2B cells. In this way, the PE cells appeared
more like the in vivo bovine endoderm cells analyzed from a
19-d filamentous bovine blastocyst (Talbot et al., 2005). The
PE cells were perhaps most similar to the bovine CE-2B
cells in cell and colony morphology, growth rate, and
transferrinsecretion. Besides transferrin,PE-1 cells produced
several other serum proteins as was previously shown to be a
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characteristic of the CE-2B cell line (Talbot et al., 2000a)
and of visceral endoderm cells in general (Janzen et al.,
1982; Young and Klein, 1983; Shi et al., 1985).
A possible application of the proteomic profiling of the
secreted proteins produced by visceral endoderm cell lines
would be in the analysis of "nuclear reprogramming" in
embryos produced by somatic cell NT. Nuclear cloned
embryos have aberrant gene expression patterns that presumably arise from abnormal genetic imprinting and other
epigenetic changes (Humpherys et al., 2002; Cezar et al.,
2003; Santos et al., 2003). These failures to reset the
genetic structure to that created by the union of egg and
sperm (normal fertilization) probably lead to the fetal death
so often experienced by NT embryos (Hill et al., 2000; De
Sousa et al., 2001; Hashizume et al., 2002). Some of these
lethal genetic errors in RNA and protein expression might be
detectable in yolk-sac endoderm cell lines (Kharroubi et al.,
2001). Comparing serum protein production between in
vivo-derived and NT-derived endoderm cell lines might
enable the identification of serum protein markers of nuclear
reprogramming failures that lead to abnormal growth or
embryonic death (Huang et al., 1995; Bavik et al., 1996;
Farese et al., 1996). Similarly, NT-related changes in the
nonsecretory proteins of the yolk-sac endoderm could be
analyzed in endoderm cell lines (Raabe et al., 1998; Strope
et al., 2004). It is conceivable that secreted protein markers
could be assayed without the destruction of NT pig
embryos flushed from the pig uterus at days 11 or 12 of
development. This might then allow for the subsequent
embryo transfer of selected, and putatively superior,
embryos back into the surrogate sows. Likewise, markers
of this kind might be applicable to the study of in vitroproduced pig embryo pregnancy failures (Rath et al., 1995;
Kikuchi et al., 2002). In any case, the evaluation of several
cell lines independently derived from in vivo- and in vitrofertilized embryos will be necessary to establish what
differences, found in NT embryo-derived endoderm cell
lines, simply reflect variations in endoderm cell population
selection, i.e., growth and survival, in response to adapting
to the in vitro environment.
The PE cell lines were found to express several
transcription factors that have been associated with extraembryonic endoderm differentiation and function, i.e.,
TCF-1, GATA-6, DAB2, and REX-1 (Morrisey et al.,
1998; Barbacci et al., 1999; Morrisey et al., 2000; Fujikura
et al., 2002; Thompson and Gudas, 2002). Some of these
factors are also involved in embryonic and adult hepatocyte
differentiation and function (Xanthopoulos and Mirkovitch,
1993; Hatzis and Talianidis, 2001; Divine et al., 2004;
Maurer and Cooper, 2006). It is, therefore, important to be
able to distinguish between yolk-sac endoderm and hepatocytes in culture, particularly now when the means to
generate hepatocytes from embryonic stem (ES) cells is

PORCINE ENDODERM CELL LINES

Figure 9. Metabolic activity of PE-1, PE-2, PICM-19, and STO cells.
(A) Total P-450 content. (B) Ammonia clearance and urea production.
(Q CYP1A1 P-450 activity. Each plot represents two experiments.
Two flasks were used per cell type.

being intensivelypursuedby numerouslaboratories.In the
past, the differentiation of primate or mouse ES and
embryonalcarcinomacells into visceral endodermhas been
demonstrated(Adamsonand Hogan, 1984; Thomson et al.,
1996; Fujikuraet al., 2002; Conley et al., 2004). More
recently, several laboratorieshave offered evidence of in
vitromethodsfor the directeddifferentiationof ES cells into
hepatocytes(Hamazakiet al., 2001; Rambhatlaet al., 2003;
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Chinzei et al., 2002; Schwartz et al., 2005; Novik et al.,
2006). Given the many hepatocyte characteristicsthat are
shared by the porcine yolk-sac endodermcell lines, it is
importantthat claims of hepatocytedifferentiationfrom ES
cells be thoroughlyproven. While the in vitro morphology
of the PE cells is very different from that of primary
hepatocytes in culture, those inexperiencedin the normal
morphology of these two epithelia might not see their
distinctive differences. For example, the lack of biliary
canalicularstructuresbetween PE cells and the frequent
formation of domes in PE monolayers do not occur in
hepatocyte monolayers. Be that as it may, like cultured
hepatocytes, the PE cells produced numerous serum
proteins (Figs. 7 and 8). Also, some cytochrome P-450
contentand activity were found in the PE cell lines (Fig. 9)
althoughat lower levels than in the positive controlPICM19 pig liver cell line and also lower thanwould be expected
in primary adult pig hepatocyte cultures (Talbot et al.,
1996). Althougharomatasemight be expectedto be present
in the PE cells, the conversionof the P450 EROD substrate,
ethoxy resorufin,by aromatasewould be unexpected(King
and Ackerley, 1985; Conley et al., 1994; Yelich et al.,
1997). In any case, modest levels of EROD activity were
found in the PE cell lines, and therefore,some specie(s) of
cytochromeP450 with ethoxy resorufin-o-deethylaseactivity, e.g., P4501A, was induciblein the PE cells as it was in
the PICM-19 pig hepatocyte cells (Fig 9£). Another
hepatocyte characteristicthat PE cell lines displayed was
the ability to clear ammoniafrom the cell culturemedium
(Fig. 9C). The PE cell lines reducedthe ammoniacontent
of the mediumto the same extent as the PICM-19cells, i.e.,
to beyond the level of detectionin the assay. In contrastto
the other functional assays, however, the assay of urea
productionshowed a clear differencebetween the PE cells
and the PICM-19hepatocytes(Fig. 9C). Therefore,while it
may be anticipatedthat other specific differences can be
found (Asahina et al., 2004), the production of urea
appearedto be definitive for hepatocytes.Thus, reportsof
ES cell differentiationinto hepatocytesshould include,as at
least some have (Chinzei et al., 2002; Schwartz et al.,
2005), the assay of urea productionby the cells.

Table 3. Gamma-glutamyltranspeptidase(GGT) levels of PE-1 and
PE-2 cells
Cell line
PE-1
PE-2
PICM-19H
STO

Flask 1

Flask 2

85.5a
146.9
149.8
BDb

79.9
105.1
162
BD

Flask 3
173.5
-

Average
82.7
126.0
161.8

aGGT in milliunits
per milligram protein
b BD=below detection
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A distinctmorphologicalfeaturepreviously observed in
primaryculturesof porcine and bovine visceral endoderm
cells was the phase-contrast-darkweb-like pattern of
unidentified cytoskeletal elements that ran through the
cytoplasm and encircled the nucleus of these cells (Talbot
et al., 1993, 1995). As previously described for the
parthenogeneticbovine visceral endodermcell line established by our laboratory(Talbotet al., 2005), the immunocytochemical analysis of actin and tubulin defined the
similar cytoskeletal elements observed in PE-1 and PE-2
cells as a robustmicrotubulenetwork.This compareswell
with the robustmicrotubulenetworksfound in the in vivo
endoderm cells lining the interior of an 11-d porcine
embryo(Fig. 4E). This featuremay reflect the microtubule
networks' major role in the transportof endosomes in
endocytoticor transcytoticmovement of nutrientsthrough
the yolk-sac epithelium (Starling et al., 1983; Beckman
et al., 1997).
In summary,this is the first publishedwork demonstrating the establishmentof porcine visceral endoderm cell
lines. Their yolk-sac endodermcharacterwas exemplified
by the in vitro productionof a spectrumof serum proteins
and by their expression of several transcriptionfactors
associatedwith endodermdifferentiationand function.The
use of STO coculture for establishing and growing pig
yolk-sac endodermappearsto providea good, functionalin
vitro model of this vital early embryonic tissue. The
initiationand establishmentof the endodermcultureswas
unproblematic,and, therefore,it is assumed that more PE
cells lines could be readily created from various genetic
backgroundsand even frompig embryosderivingfromNT.
Besides the "standard"culture conditions, this in vitro
model of porcine endoderm enables the experimental
manipulationof the cell line's environment(e.g., addition
of specific growth factors, hormones, metabolites,etc.) to
questionhow gene expressionresponsesare changedwithin
a single cell line and in comparisonto other endodermcell
lines. It is anticipated that functional comparisons with
IVF- or NT-derived visceral endoderm cell cultures will
yield informationrelevantto the in vivo yolk sac's role in
supportingthe growth and survivalof pre- and periimplantationporcine embryos.
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